Tetrahymena thermophila has been transformed to paromomycin-resistant phenotypes by microinjec-
vector, the neo gene is usually found integrated into the endogenous rDNA molecules and is present in high copy number. In transformants obtained by micro'ijecting only the linear chimeric gene, the neo gene is found to have replaced the histone H4-I gene or is found integrated into the 5' flanking region of the H4-I gene. The relative transcript levels of the neo gene in T. thermophUa transformed by the linear chimeric gene are much higher than in cells transformed with the vector. The neo gene provides an effective selectable marker for transformation of T. thermophila.
The ciliated protozoan Tetrahymena thermophila has proven to be a valuable biological system for studying the genetic and molecular processes of eukaryotic cells. Research on T. thermophila, which elucidated the molecular mechanisms of ribozymes (1), DNA rearrangement (2, 3) , and telomere structure and function (4) , has stimulated similar research in other organisms. Although the genetics of T. thermophila are well characterized, little information about gene expression in this organism is available (5) (6) (7) . A transformation system for T. thermophila using a foreign gene would facilitate studies of gene expression and enhance the utility of this organism.
Like all other ciliated protozoa, Tetrahymena contains two different types of nuclei in a common cytoplasm, a somatic macronucleus and a germ-line micronucleus. The micronucleus is diploid and expressionally silent during vegetative growth, while the macronucleus is polyploid and responsible for somatic gene expression (8, 9) . In T. thermophila, the macronucleus contains "'50 copies of each gene, except for the rRNA genes (rDNA), which exist in ""10,000 copies (9) . rDNAs are located in the nucleoli and reside on autonomously replicating DNA molecules 21 kb long (10) .
Transformation of T. thermophila has only been achieved by delivering the transforming gene to the macronucleus. T. thermophila has been transformed by the introduction of native rDNA that confers paromomycin resistance (11) (12) (13) . Several different rDNA alleles have been characterized based on their origin of replication-e.g., rDNA molecules isolated from T. thermophila strain C3 outreplicate rDNA molecules from T. thermophila strain B, when they exist in the same nucleus (14) . Transformation of T. thermophila with rDNA genes requires that the transforming rDNAs outreplicate the endogenous rDNA genes.
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Transformation has also been achieved by introduction of a modified ribosomal protein gene L29 that confers cycloheximide resistance (15, 16) . This modified L29 gene transforms T. thermophila by intragenic recombination with the endogenous wild-type gene. The modified L29 gene product must compete with the wild-type gene product in order to produce the cycloheximide-resistant phenotype. Transformation with the L29 gene and the rDNA gene depends on T. thermophila gene products that are resistant to cycloheximide and paromomycin, respectively; thus, they have to compete with wild-type gene products in order to confer drug resistance. The introduction of a foreign gene whose gene product inactivates paromomycin provides resistance without competition or interference from endogenous gene products.
We have developed a transformation system for T. thermophila based on the neo gene from the bacterial transposon TnS (17) . The neo gene product is an aminoglycoside 3'-phosphotransferase that phosphorylates antibiotics of the neomycin family, including paromomycin. T. thermophila is highly sensitive to paromomycin, making the neo gene an effective selectable marker. We have constructed a chimeric gene containing the neo gene flanked by the upstream and downstream sequences of the T. thermophila histone H4-I gene. The coding region of the TnS neo gene terminates in TGA, which is the only termination codon used by most ciliates (18, 19) . When this chimeric neo gene is introduced into T. thermophila cells, they are transformed to a paromomycin-resistant phenotype. This demonstrates the expression of a foreign gene in T. thermophila.
We describe construction of the chimeric neo gene, its introduction into T. thermophila, and the configurations of the neo gene within the genome of transformed cells. The relative transcript levels from the neo gene in different genomic configurations are also investigated. This study demonstrates the utility of the neo gene as a selectable marker in T. thermophila.
MATERIALS AND METHODS
Cells and Culturing Conditions. T. thermophila strain SB2120 was provided by E. Orias (University of California, Santa Barbara). This strain is sensitive to paromomycin and contains a C3-rmm 1 rDNA type, which is outreplicated by a C3 rDNA type (14) . Cells were grown in PPY medium (5) with penicillin (250 ug/ml) and streptomycin (250 formed cell lines can be maintained with daily 2-fold dilution (Table 1) .
Nucleic Acid Isolation and Analysis. Total cellular DNA was isolated from cultures of transformed T. thermophila cells (22) . Southern blot analysis (23) was performed on DNA digested with various restriction endonucleases using vacuum blotting onto Zeta-Probe membrane (Bio-Rad) and hybridization to [a-32P]dATP oligonucleotide (Pharmacia LKB; catalogue no. 27-2166-01)-labeled probes (24) . Total cellular RNA was isolated from cultures of transformed T. thermophila cells (25) and Northern blot analysis was performed as described by Williams and Mason (26) with the following modifications; after blotting to Zeta-Probe (Bio-Rad) the membrane was exposed for 30 sec to UV radiation. The neo gene copy number and transcript levels were determined by densitometric scan analysis of Southern and Northern autoradiograms using a Javelin camera (model 602977) and the National Institutes of Health IMAGE 1.43 software.
RESULTS
Transformation of T. thermophila to ParomomycinResistant Phenotypes by the neo Gene. The transformation vector, pH4neo, contains the Tn5 neo gene flanked by the 5' and 3' regions ofthe T. thermophila histone H4-I gene, the C3 rDNA origin of replication, and pUC19 plasmid sequences (Fig. 1 ). When this vector or the EcoRI fragment containing only the chimeric neo gene is microinjected into T. thermophila, cells are transformed to pmr phenotypes. Table 1 lists the maximum concentrations of paromomycin in which each transformant can grow. All transformants will grow in 1 mg of paromomycin per ml, which is a concentration -30 times higher than wild-type cells will grow in. There is, however, substantial variation in paromomycin resistance (1-32 mg/ ml) among the transformants.
Transformation with the Vector pll4neo. Fig. 2 shows Southern analysis of 8 of 17 transformants (T10-T17) obtained by microinjection of the vector pH4neo. Genomic DNA digested with BamHI and hybridized with the neo gene Ti (32) T2 (8) LT2 (32) LT1 (8) LT4 (32) T5 (1) T3 (8) LT3 ( (2) T10 ( tResistance is defined as maximum concentration (mg/ml) of paromomycin in which cells will double in a 24-hr period but will not grow at twice these concentrations. Transformants were not challenged with paromomycin concentrations >32 mg/ml. NA, data not available. as a probe resulted in a single band corresponding to a 6.8-kb fragment (Figs. 1 and 2A) . The size of this fragment indicates that the neo gene and its flanking regions have not been reorganized in these transformants (Fig. 2C) . Although transformants T8 and T10 display substantial paromomycin resistance, the neo gene was not detected by this analysis (Fig.  2A) . However, when this filter was exposed to film for a longer time, a faint band was resolvable. Southern analysis similar to that described below for the linear transformants revealed that in transformants T8 and T10 the neo gene has integrated into the histone H4-I gene region (data not shown).
Due to the high copy number of the rDNA molecules in T. thermophila, the most probable site of integration of the vector is within the rDNA origin ofreplication. To investigate the possibility that the vector integrated into the endogenous rDNA origin of replication, the same filter originally hybridized to the neo gene was stripped and hybridized with the origin as a probe. In wild-type cells the origin is on a 13.4-kb fragment (Fig. 2C) . Each lane in Fig. 2B has a band (band E) corresponding to a fragment of this size; however, their intensities vary among the transformants. Most of the lanes have additional bands (Fig. 2B, lanes 11-17) . An integration of the vector into one side of the palindromic rDNA would result in origin sequences on 8.6-and 6.7-kb BamHI fragments (Fig. 2C) . Bands S corresponding to fragments ofthese sizes are seen in Fig. 2B (lanes 11-17) . A double integration of the vector into both sides of the palindromic rDNA would result in origin sequences on BamHI fragments of 6.7 and 3.8 kb (Fig. 2C) . Bands D corresponding to fragments of these sizes are seen in Fig. 2B (lanes 11, 12, and 14-16 ). The transformation vector contains the rDNA origin of replication on a 1.9-kb BamHI fragment (Fig. 1) . A band (band V) corresponding to a fragment of this size is detected in Fig. 2B (lanes V, 12-14, 16, and 17).
When T. thermophila is -transformed with the vector pH4neo, the entire vector is usually found integrated into the rDNA origin on one or both sides of the palindrome. Additional Southern analyses with other endonucleases corroborate these results (data not shown). In some, but not all, transformants the vector pH4neo is found in an unintegrated state. However, none of the transformants contains only the unintegrated vector.
After transformant T2 had been grown for over a hundred generations, total DNA was prepared and used to transform Escherichia coli. A restriction enzyme map of the vector pH4neo isolated from E. coli indicated that the vector had not been altered. Apparently, the vector can be replicated in T. thermophila without being reorganized.
Transformation with the Linear Chimeric neo Gene. The 4.4-kb EcoRI fragment of the vector that contains only the chimeric neo gene (Fig. 1 ) was used to transform T. thermophila. Southern analysis of HindIII-digested genomic DNA from 9 of the 14 transformants (LT6-LT14) is shown in Fig. 3 . When the neo gene was used as a probe, a 6.2-kb fragment and a 9.5-kb fragment were detected (Fig. 3A) . Lanes 7, 10, and 11 contain only the 6.2-kb fragment (band R), while lanes 8, 9, and 13 contain only the 9.5-kb fragment (band F) and lanes 6, 12, and 14 contain both fragments. The 6.2-kb band is consistent with the expected fragment size resulting from a replacement of the endogenous histone H4-I gene with the neo gene, while the 9.5-kb band suggests an integration of the neo gene into the flanking region of the histone H4-I gene (Fig. 3C) .
To further characterize the neo gene integrated into the region of the histone H4-I gene, the filter was stripped and hybridized with the histone H4 coding region as a probe. The H4 coding region hybridizes to fragments of 3.3, 7.8, and 9.5 kb in transformants (Fig. 3B ). All 9 transformants have the 3.3-kb fragment (band II), which comigrates with the wild-type histone H4-II gene fragment (Fig. 3B, lane W) . All transformants contain various amounts of the 7.8-kb fragment (band I) (Fig. 3B, lane W) , which comigrates with the wild-type histone H4I gene fragment. The 9.5-kb fragment hybridizes with both the neo gene (Fig. 3A, band F) and the histone H4 gene (Fig.  3B, band F) . The fact that the neo gene and the histone H4-I gene are linked on a single 9.5-kb Hindlll restriction fragment indicates that the neo gene must be integrated into the 5' flanking region of the histone H4-I gene. If the neo gene were integrated into the 3' flanking region of the histone H4-I gene, the HindIII site at the beginning of the neo gene would separate the genes onto different restriction fragments (Fig.  3C , h*). Additional Southern blot analyses with other endonucleases corroborate these results (data not shown).
Copy Number and Transcript Levels of the neo Gene in Both Types of Transformants. The copy number of the neo genes and their relative transcript levels were determined for two cell lines (Ti and T2) transformed with the vector pH4neo and for two cell lines (LT2 and LT3) transformed with only the chimeric neo gene. Southern analysis was performed on genomic DNA from transformants Ti and T2 digested with BamHI using the rDNA origin as a probe. The relative amounts of native rDNA molecules, rDNA molecules with neo genes inserted (both single and double integrations), and vector molecules were determined from densitometric scan analysis. The copy number of each type of molecule was estimated by assuming that the total number of rDNA origins of replication is 20,000 (27) . Table 2 shows the estimated number of neo gene copies present in Ti and T2 transformants.
In a similar experiment, Southern analysis was performed on genomic DNA from transformants LT2 and LT3 digested with HindIII and EcoRI using the histone H4-I 3' flanking region as a probe. The relative amounts ofnative histone H4-I genes and replacements of the histone H4-I by the neo gene were determined from densitometric scan analysis. In these transformants, virtually all of the native histone H4-I genes were replaced by neo genes. Thus, the copy number of the neo genes in transformants LT2 and LT3 is assumed to be close to 50 ( from the transformants using the neo gene as a probe (Fig. 4) Genetics: Kahn et al.
region. The neo gene replaces the histone H4-I gene or integrates into the 5' flanking region. We have not observed integrations into the 3' flanking region, but this may simply be due to the limited number of transformants characterized. Our observation that the chimeric neo gene integrates into the T. thermophila genome predominantly by homologous recombination is consistent with previous reports of the integration of modified rDNA molecules and ribosomal protein genes into the T. thermophila genome (13, 15) . Similar observations have been reported in yeast and trypanosomes (29, 30) . All these results are consistent with Capecchi's hypothesis (31) that homologous recombination is more prevalent in lower eukaryotes because efficient mechanisms of nonhomologous recombination are less common. Chlamydomonas appears to be an exception to this trend (32) .
The number of neo gene transcripts per gene copy in transformants with the neo gene integrated into the rDNA is only 4-5% the number of neo gene transcripts per gene copy in transformants with the neo gene integrated into the histone H4-I gene region ( Table 2 ). This may be due to localization of the neo genes on the rDNA molecules in the nucleoli. Transcription of the neo gene, which is under the control of a RNA polymerase II promoter, may be inefficient in the nucleoli.
We conclude that the neo gene is an excellent selectable marker for the transformation of T. thermophila. Wild-type cells are sensitive to low levels of paromomycin and expression of the neo gene confers high levels of resistance. Utilizing a foreign gene to transform T. thermophila avoids competition with endogenous wild-type gene products and thus simplifies the analysis of transformants. Coupling a transformation vector by using the neo gene as a selectable marker with improved electrophoretic introduction of DNA (16) should allow development of a highly efficient transformation system for T. thermophila and facilitate investigations of gene expression.
